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A technique is described which employs resonant Raman scattering for nondestructive, quantitative
analysis of alloy composition distributions and their volume fractions in semiconductor
microstructures. Use of this technique is demonstrated via application to extract the wire and barrier
region compositions and the shape of the composition modulation profile of narrow (;150 Å)
InxGa12xP multiquantum wire array grown via a strain-induced laterally ordered process. © 1998
American Institute of Physics. @S0003-6951~98!03109-X#Accurate composition characterization of microscopic
regions is necessary for fabricating high performance opto-
electronic devices—a demand largely unfulfilled by cur-
rently available characterization techniques as most of them
are either destructive or they provide only a qualitative im-
age of the composition distribution in the structure. In this
letter, we describe a means to use resonant Raman scattering
to map out the distribution and fractional volumes of alloy
compositions in microstructures.
This resonant Raman mapping technique exploits two
facts: ~a! in most semiconductor alloys, band gaps, and LO
phonon frequencies change with composition, hence can be
used to provide a quantitative measure of the alloy compo-
sition, and ~b! the strength of the scattered Raman signal
becomes resonantly enhanced as the excitation laser energy
approaches the band gap.1 Thus, while all the composition
regions in a structure contribute to the phonon intensity in
the scattered Raman spectrum, the dominant contribution is
from the composition regions having band gaps close to the
excitation laser energy due to ‘‘resonant’’ enhancement.
Therefore, by tuning the laser wavelength through the band
gap energies associated with the various composition regions
in the microstructure, one can selectively study the regions
whose composition corresponds to a band gap in resonance
with the excitation laser energy and thus obtain the compo-
sition and the fractional volume of these regions in the struc-
ture. The variation of the phonon intensity and the phonon
frequency as a function of incident wavelength provide two
independent methods for estimating compositions of differ-
ent regions. These two independent information sets can be
used either as a self-consistency test, or, for systems with
simple strain distributions, a means by which the strain pro-
file may be estimated. Figure 1~b! depicts representative Ra-
man spectra from two different composition regions in an
InxGa12xP microstructure to illustrate the kind of informa-
tion accessible with this technique.
a!Electronic mail: praveen
–
dua@latticesemi.com1070003-6951/98/72(9)/1072/3/$15.00
Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIPAppropriate consideration should be given to the follow-
ing issues: ~i! the resonant enhancement factor is assumed
not to change over the composition range probed; ~ii! the
width and shape of the Raman resonance profile for the ma-
terial needs to be properly accounted for; and ~iii! the
strength of the incident laser probing different composition
regions should not be assumed constant just because the in-
cident laser power at different wavelengths is maintained
constant. The actual strength probing a given region can be
affected by the optical response of different regions of the
FIG. 1. ~a! Idealized structure of the SILO grown quantum wires. ~b! Rep-
resentative Raman spectra for resonant excitation with Ga and In-rich re-
gions of the SILO grown quantum wires.2 © 1998 American Institute of Physics
 license or copyright; see http://apl.aip.org/about/rights_and_permissions
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The strain-induced laterally ordered ~SILO! growth tech-
nique has been described elsewhere2 and the resulting quan-
tum wires have been found to provide strong two-
dimensional carrier confinement.3,4 TEM measurements
confirm the presence of wire regions in these structures, but
fail to provide any information on either the extent or profile
of the composition modulation. Since this composition
modulation is the result of a self-ordering process, one does
not a priori know the shape of the modulation profile.
Knowledge of this composition profile is an essential prereq-
uisite to a meaningful modeling of this system. An idealized
structure of the sample is shown in Fig. 1~a!. For easy refer-
ence, the relevant composition regions in the sample are
identified as: ~a! region 1: barriers in the active layer, ~b!
region 2: wires in the active layer, ~c! region 3: the transition
region with intermediate compositions between regions 1 &
2 in the active layer, and ~d! region 4: barrier layers in the
growth direction.
Spectra were recorded with a 1 m SPEX Triplemate
spectrometer and a liquid nitrogen cooled Princeton Instru-
ments CCD camera. The sample was cooled with liquid he-
lium to sharpen the photoluminescence bands in order to
maximize the excitation energy range in which quantitatively
accurate Raman spectra could be obtained. The excitation
wavelengths employed ranged from 5600 to 7300 Å, ob-
tained from 599 and 702 dye lasers pumped with Ar ion and
YLF laser, respectively.
The excitation wavelength dependence of the GaP-like
LO phonon strength is plotted in Fig. 2~a!. A resonant peak
at 5925 Å (630 Å) is observed due to the excitation laser
coming in resonance with the band gap of region 1. This
allows one to estimate the indium fraction of region 1 to be
x In50.40760.007 ~see Table I!. The intensity of this peak is
diminished because the radiation must traverse the 300-Å-
thick region 4 twice. It is calculated that the signal from
region 1 is diminished by at least a factor of @exp2(at)#2
50.7 ~a of In0.49Ga0.51P56.13104 cm21 at l55925 Å!.5
The intensity ratio plot of the InP-like and the GaP-like LO
phonons in Fig. 2~b! reveals this resonance with more clarity.
This ratio is smaller for phonon contributions from In-
deficient regions as compared to In-rich regions.6 Away from
resonance at shorter wavelengths, all the regions contribute
to this ratio, but, as the excitation wavelength approaches the
resonance with region 1, the contribution of phonons from
region 1 dominates while phonons from other regions do not
contribute as significantly. Thus, the intensity ratio under-
goes a minimum at the resonance because region 1 is the
most In-deficient region in the structure. This minimum oc-
curs at lex;5920 Å, which is in good agreement with the
fitted peak position in Fig. 2~a!. From the Raman spectrum
corresponding to this excitation wavelength, we obtain the
GaP like LO phonon frequency to be vGaP
LO 538460.5 cm21.
We can use this phonon energy and the data of Zachau et al.7
to obtain an independent estimation of the In fraction in re-
gion 1 of x In50.41260.009.
The strong luminescence peak from region 4 at 6430 Å
precludes experimental observation of meaningful Raman
spectra between 6100 and 6500 Å. It is observed that at
lex56600 Å ~see Fig. 3!, the GaP-like phonon energy hasDownloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIPshifted from 384 cm21 at lex56000 Å, to a lower value of
379 cm21. The latter phonon frequency indicates that the
composition of region 4 corresponds to an In fraction x In
50.49460.018. Alternatively, from the luminescence peak
at 6430 Å, associated with the band gap of region 4, the In
fraction from the band gap dependence is estimated to be
x In50.52160.006. This apparent discrepancy between the
two values is possibly due to the CuPt type ordering in re-
gion 4, which red shifts the luminescence peak from the true
band gap in InGaP alloys,8 and the presence of strain in the
transition region, i.e., region 3.9 As the laser is tuned into
resonance with the In-rich quantum wires around 7000 Å,
the phonon frequency drops to 372 cm21, and then rises back
FIG. 2. ~a! The observed GaP-like LO phonon strength ~solid triangles!, the
solid line represents the resonance profile from region 4, and the solid dia-
monds is the difference between the two, representing the net contribution
from region 1. ~b! The ratio of the intensities of the InP-like LO phonon and
the GaP-like LO phonon.
TABLE I.
Composition
regions
Composition
estimated from
band gap energy
Composition
estimated from
phonon energy
Region 1
barriers ~In deficient!
band gap ;5950 Å
x In50.40760.007 x In50.41260.009
Region 2
wires ~In rich!
PL peak ;7120 Å
x In50.62960.018 x In50.61460.025
Region 4
lattice matched to GaAs
PL peak at ;6430 Å
x In50.52160.006 x In50.49460.018 license or copyright; see http://apl.aip.org/about/rights_and_permissions
1074 Appl. Phys. Lett., Vol. 72, No. 9, 2 March 1998 Dua, Cooper, and Chengup to 378 cm21. This corresponds to x In50.61460.025 for
region 2. This value compares well with x In50.62960.018
for region 2 estimated from the observed wire luminescence
at 7000650 Å. The intensity ratio of the InP-like phonon to
the GaP-like phonon ~not shown! also demonstrates this
resonance with region 2. Table I summarizes the composi-
tions of various regions in SILO grown InxGa12xP quantum
wires. The composition dependence of the phonon frequency
and the band gap energy is adopted from the work of Zachau
et al.7 on fully relaxed InxGa12xP films and Nelson and
Holonyak10 and Kato et al.6 on strain free bulk InxGa12xP.
In addition to the extent of the composition modulation,
we have also obtained the composition profile of these spon-
taneously organized SILO quantum wires by modeling it as a
general profile C in Fig. 3—two extremal composition re-
gions with x In50.41 and x In50.62 separated by a transition
region ~region 3! of volume fraction Lt . The square and
triangular profiles in Fig. 3 represent the two extreme pos-
sible cases corresponding to Lt50 and Lt51, respectively.
For the square profile, the phonon frequency would be that
corresponding to the barrier composition at shorter wave-
lengths, and would transition sharply to a lower frequency
corresponding to the wire composition at longer wave-
lengths. At all excitation wavelengths, the slope of the fre-
quency map will therefore be zero. For the triangular profile,
however, the phonon frequency would linearly vary between
the two extreme values. The slope of this variation is
0.01 cm21/Å. Now, a general profile C characterized by a
certain fraction Lt of the transition region is the sum of a
square profile and a fraction Lt of the triangular profile B .
FIG. 3. The variation of observed phonon frequency with the excitation
laser wavelength ~solid diamonds!. ~a! No variation is expected for a square
profile, ~b! a continuous linear variation between the values corresponding
to the extreme compositions is expected for the extreme triangular profile.
~c! Linear fit to the observed data.Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIPThe slope of the frequency map in this case will therefore be
0.01* Lt . The slope of the phonon frequency map from our
data is found to be 0.0018 cm21/Å ~Fig. 3!. Thus, the SILO
quantum wires are found to have a volume fraction of the
transition region Lt
a50.0018/0.01;20%, indicating that the
composition profile in the SILO grown wires is quite abrupt
with the composition changing from x In50.41 in the barriers
to x In50.62 in the wires within 10% of the periodicity of the
structure, and rising back up in another 10%. This analysis
was verified via numerical simulations. Phonon frequency
maps for several values of Lt were obtained by generating
simulated Raman spectra over a range of excitation wave-
lengths from 5700 to 7400 Å. Simulations were tested for
robustness with respect to key input parameters, namely, the
resonance profile, the ratio of the resonant and nonresonant
strength, and the phonon lineshape.
In conclusion, a nondestructive technique to analyze the
distribution of alloy composition in semiconductor micro-
structures is demonstrated via application to a narrow
(;150 Å) InxGa12xP quantum wire array. The wires are
found to have an In fraction of ;0.62 and the barriers have
x In;0.41, providing an in-plane confinement energy of
;300 meV. This technique is capable of providing the com-
position information with an accuracy of better than 2%. The
spontaneous composition modulation from the SILO process
results in a profile that is quite abrupt and squarish, with only
a 20% volume fraction in the transition region between the
barriers and wires.
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